[1] The Aerodyne Aerosol Mass Spectrometer (AMS) has been designed to measure size-resolved mass distributions and total mass loadings of volatile and semivolatile chemical species in/on submicron particles. This paper describes the application of this instrument to ambient aerosol sampling. The AMS uses an aerodynamic lens to focus the particles into a narrow beam, a roughened cartridge heater to vaporize them under high vacuum, and a quadrupole mass spectrometer to analyze the vaporized molecules. Particle size is measured via particle time-of-flight. The AMS is operated in two modes:
Introduction
[2] Atmospheric aerosols are receiving increasing attention because of their effects on human health, visibility, acid deposition, and global climate [Seinfeld and Pandis, 1998; Wilson and Spengler, 1996] . Progress in understanding and mitigating these problems is limited by the ability of existing instruments to provide real-time, size-resolved, quantitative measurements of ambient aerosol mass and chemical composition [McMurry, 2000] . A number of measurement techniques possessing some of the required aerosol analysis capabilities have emerged recently. Real-time aerosol mass spectrometers aim to provide information on chemical composition of particle ensembles or individual particles. Most of these instruments also provide information on particle size. A recent review of aerosol measurements by McMurry [2000] states that ''these mass spectrometers are, arguably, the most significant development in aerosol measurement in the past 20 years.' ' Suess and Prather [1999] have recently reviewed the development of this type of instrumentation.
[3] We report here on the use of an Aerosol Mass Spectrometer (AMS) developed at Aerodyne Research, which has been designed to provide real-time quantitative information on size-resolved mass loadings for volatile and semivolatile chemical components present in/on ambient aerosol particles [Jayne et al., 2000] . In its present configuration, the AMS cannot detect refractory aerosol components such as sea salt, soil dust, and elemental carbon. Unlike laser-desorption/ionization instruments that provide a qualitative or semiquantitative picture of the full chemical composition of individual particles [Suess and Prather, 1999] , the AMS is designed to provide quantitative composition information on ensembles of particles, with limited single particle information. This approach has been shown to provide quantitative detection for laboratory-generated inorganic and organic aerosols [Allen and Gould, 1981; Jayne et al., 2000; Sinha et al., 1982; Tobias et al., 2000] . The present instrument combines standard vacuum and mass spectrometric techniques with recently developed aerosol sampling techniques. A schematic of the AMS is presented in Figure 1 . This instrument has been described in detail elsewhere [Jayne et al., 2000] and only a brief summary is provided here.
[4] The AMS consists of three main parts: an aerosol inlet, a particle sizing chamber, and a particle composition detection section. The different sections are separated by small apertures and differentially pumped. The aerosol inlet is based on the design of Liu et al. 1995a Liu et al. , 1995b [see also Zhang et al., 2002] . It samples a flow of 1.46 cm 3 /s and focuses particles into a narrow beam (<1 mm diameter). A computational fluid dynamics simulation of the AMS inlet system shows nearly 100% transmission efficiency to the detector for particles in the aerodynamic diameter range 70-500 nm, and shows substantial transmission for particles in the 30-70 nm and 500 nm to 2.5 mm ranges for spherical particles. Irregularly shaped particles may have lower transmission efficiencies [Jayne et al., 2000; Liu et al., 1995a Liu et al., , 1995b Tobias et al., 2000] . This transmission curve has been verified experimentally for the 100 nm to 1mm range [Jayne et al., 2000] . Size-dependent particle velocities created by expansion into vacuum are used to determine particle size through a particle time-of-flight measurement. The focused particle beam is modulated by a rotating wheel chopper operating at about 100 Hz with a $2% duty cycle. Time-resolved particle detection after a known flight distance gives the particle velocity from which the particle aerodynamic diameter is obtained. Detection is performed by directing the particle beam onto a resistively heated, roughened surface under high vacuum ($10 À7 Torr). Upon impact, the volatile and semivolatile components in/on the particles flash vaporize. The vaporization source is integrally coupled to an electron impact ionizer at the entrance of a quadrupole mass spectrometer. When the quadrupole is tuned to a representative mass, bursts of ions are produced that are averaged to produce a size-resolved mass distribution. In addition, when sufficient species mass is present, individual particles can be counted. Such single particle pulses last about 40 ms, a much shorter duration than typical particle time-of-flight ($2 -4 ms). The instrument electronics are coupled to a computer for real-time instrument control and data acquisition, analysis, and display.
[5] The AMS was recently employed to sample ambient aerosols in two different locations in the eastern United States This paper reports the main results of these measurements, as well as a comparison with collocated instruments. We also present an effective way to integrate the AMS measurements for several m/z, as well as data from other instruments, into a single coherent description of the ambient aerosol.
Sampling Locations
[6] The AMS was deployed in Atlanta during August 1999 as part of the first ''Supersite'' experiment sponsored by the EPA through the Southern Oxidant Study (SOS) [Solomon et al., 2003] . The AMS was located inside one of several trailers, together with a number of other aerosol instruments. Ambient air was sampled through a cyclone designed to transmit particles smaller than 2.5 mm (URG; Chapel Hill, NC) located at a height of 5 m (2 m above the roof of the trailer). Additional ambient sampling was performed in September 1999 in Billerica, Massachusetts, a suburban/rural residential and industrial community about 20 miles NW of downtown Boston. Sampling was performed at the top of a two-story building, with the same PM 2.5 cyclone inlet at the end of a 3 m mast. The suspected Figure 1 . Schematic of the Aerodyne Aerosol Mass Spectrometer (AMS).
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major local particle source is Route 3, a highway that is a main Massachusetts-New Hampshire thoroughfare and passes within 100 m of the sampling point.
[7] Previous studies have reported annual average mass concentrations for PM 2.5 (particles with an aerodynamic diameter smaller than 2.5 mm) of $7-10 mg/m 3 in rural New England sites and 16 mg/m 3 for an urban site in Boston [Eldred et al., 1997; U.S. Environmental Protection Agency (EPA), 1998 ]. For rural sites around Atlanta annual averages of $12-13 mg/m 3 have been estimated, while an urban site located in nearby Tennessee reported $17 mg/m 3 [Eldred et al., 1997; EPA, 1998 ]. For comparison, the new standard proposed by EPA for annual average PM 2.5 is 15 mg/m 3 . Ammonium sulfate has been found to be a major component of PM 2.5 in the eastern United States, [Baumgardner et al., 1999; Eldred et al., 1997; EPA, 1998 ]. Aerosol sulfate exhibits a strong seasonal cycle, with the highest concentrations occurring during June, July, and August and the lowest in December, January, and February [Baumgardner et al., 1999] . Carbonaceous material (elemental and organic carbon) is the other major aerosol component, with a larger fraction being found in urban sites than in rural ones [Eldred et al., 1997; EPA, 1998 ]. Smaller amounts of nitrate and crustal materials are also present [EPA, 1998 ].
Modes of Operation and Types of Data Obtained With the AMS
[8] A new data acquisition protocol has been developed for ambient sampling with the AMS. Two modes of operation are alternated. On the ''Mass Spectrum'' (MS), or ''Mass Scanning'' mode, the quadrupole is scanned continuously at 1 ms/amu (the maximum rate possible) while sampling ambient aerosol. The particle beam chopper is moved with a computer-controlled stepper motor (every $5 s) to alternately block the aerosol beam completely or not at all. Difference mass spectra are obtained by subtracting the background signals recorded in the absence of aerosol. The resulting continuous mass spectrum of the chemical species present in the particle ensemble can be quantified in terms of particle mass for each chemical component. Examples of this type of data for laboratory and ambient aerosols are shown in Figure 2 .
[9] In the ''Particle Time-of-Flight'' (TOF) or ''Mass Stepping'' mode the quadrupole is set to one of several programmed mass/charge ratios (m/z) for a period of time ($5 s), and then stepped to the next m/z. The particle beam chopper is operated with $2% duty cycle at about 100 Hz. Particle aerodynamic diameter is calculated from particle time-of-flight. Typically between 10 and 20 m/z are selected, some of which are based on the expected aerosol composition. In addition, the MS mode provides a systematic, real-time (eventually automatic) basis for optimizing the choice of the m/z peaks for monitoring in the TOF mode by adding (removing) those peaks that have (do not have) a significant signal in the MS at any given time. Under these conditions, the particle signal is averaged over seconds to minutes (depending on the aerosol loading) to produce a size-resolved mass distribution for each m/z. An example for m/z = 48 during ambient sampling (SO + from sulfate in this case, see below) is shown in the lower panel of Figure 3 . Unlike the counted single particle distribution (see below), the mass distribution obtained by averaging of the analog signal does account for the mass of this species for all the particles that reach the AMS detector. This is a distribution of species mass, that is, the area below the distribution curve is proportional to total mass of the chemical constituent being probed. For unknown mixtures of aerosol chemical components such as in ambient aerosols, it is possible that several chemical components produce ion fragments at the same m/z. Some checks to detect possible interferences of this type are outlined below.
[10] An additional data processing technique consists of selectively averaging the mass signal for time-of-flight periods when single particles were (were not) detected. For the sulfate data shown in Figure 3 more than half of the sulfate mass (57%) was present in the individually counted particles. The area of the size-resolved mass distribution can be combined with species identification and instrument calibration data to produce a total mass loading for every averaging time period and chemical component. This procedure is detailed below.
[11] The AMS software also counts and sizes single particles into a size-resolved number distribution for each m/z. An example is shown in the upper panel of Figure 3 . For ambient particles this detected number distribution is biased toward larger particles; e.g., pure component particles need to be about 200 nm or larger to be counted with 100% efficiency. For example, the counted particles in Figure 3 (173 particles/cm 3 ) account for 2.0% of the 8500 particles simultaneously counted with a CPC. Typically between 1 and 5% of the ambient particles will be counted by the AMS at the m/z with the highest count rate. The reasons for this relatively low count rate are: (1) smaller particles produce signals that are ''buried'' in the background signal level and cannot be clearly distinguished by the data analysis software as individual particle pulses (although the signal caused by these particles is accounted for properly in the average mass signal described above); and (2) many of the particles may be devoid of the chemical component under study.
[12] The two modes of operation (MS and TOF) are alternated every $15 s. Both modes average their data for 1 to 30 min depending on the ambient aerosol concentration. Higher time resolution (up to 100 Hz) is possible if the aerosol mass loadings are very high. This can be useful for some laboratory studies. Note that only those species that evaporate from the particle heater in less than $1 ms (when on time-of-flight mode) or $1 s (when on mass spectrum mode) are detected. The species vaporization times are experimentally observed to decrease with increasing species vapor pressure and heater temperature. Based on laboratory studies of the temperature needed for fast vaporization of both ammonium nitrate and ammonium sulfate particles, the heater is set to about 600°C during ambient sampling.
Species with very low vapor pressures such as silicates (from crustal material) and elemental carbon are not detected by the AMS, but more volatile species such as ammonium nitrate or organic acids that are internally mixed with the refractory particles can be detected by the AMS.
Chemical Species Identification
[13] Ambient aerosols contain many different chemical species, including hundreds of organic compounds. Aerosol mass spectrometers based on laser desorption/ionization and molecular time-of-flight mass spectrometry or on ion-trap mass spectrometry can obtain a full (although generally non-quantitative) mass spectrum of individual particles [Suess and Prather, 1999] . Off-line instruments such as gas-chromatograph/mass spectrometers [Chaurasia et al., 1995] or the Thermal Desorption Particle Beam Mass Spectrometer [Tobias et al., 2000] attempt to separate the different species prior to introduction into a quadrupole mass spectrometer in order to obtain a full mass spectrum for a species (or group of species) at each elution/desorption time. Because of this separation, the presence of signals corresponding to several fragments of the same molecular species is a strong indication of the presence of that parent species in the particles. In contrast, during real-time operation of the AMS, the quadrupole cannot be tuned across an m/z range during the time that a signal is produced by a single particle. Only one m/z is sampled for each particle, so the signal at a given m/z setting of the quadrupole cannot, in principle, be unequivocally attributed to a given chemical species. Although it would be possible to do so, the thermal desorption technique of Tobias et al. [2000] was not implemented in the AMS because it would require sacrificing the size measurement, the fast time resolution, and the high sensitivity of this instrument that are critical for ambient sampling. It is also possible to replace the quadru- pole with a time-of-flight mass spectrometer in order to obtain full mass spectra of individual particles, however this has not yet been attempted for the AMS.
[14] This section describes three complementary techniques for the identification and verification of the presence of specific chemical species in ambient aerosol from the AMS data. The first technique relies on comparing the fragmentation patterns of known species with those observed in ambient aerosol. Figure 2 shows several ensemble aerosol mass spectra acquired with the AMS in the laboratory and one of ambient aerosol. A given chemical species produces a well-defined set of m/z peaks with stable relative peak heights when subjected to electron impact ionization under vacuum. Each laboratory aerosol sampled by the AMS results in a series of m/z peaks characteristic of its chemical component(s) and the fragmentation pattern of each molecule when subjected to electron impact ionization. For example, sulfuric acid aerosol produces major peaks at m/ z = 48 (owing to the SO + ion), 64 (SO 2 + ), and 80 (SO 3 + ). Ammonium nitrate fragments appear at m/z = 30 (NO + ) and 46 (NO 2 + ). Organic components generally fragment more extensively. Most straight-chain carboxylic and dicarboxylic acids, which can be a significant component of ambient aerosols [Limbeck and Puxbaum, 1999; Seinfeld and Pandis, 1998 ], produce a characteristic peak at m/z = 55 [NIST, 1999] ) although the relative fraction of this fragment for these species is generally lower than for organic acids.
[15] We have observed all of the above peaks in ambient aerosols. For example the ambient aerosol mass spectrum shown in Figure 2 (recorded in Atlanta) reveals peaks at m/z = 48, 64, and 80, in relative amounts comparable to those observed with pure H 2 SO 4 or (NH 4 ) 2 SO 4 aerosol (the exact ratios depend on the particular ionization conditions and mass spectrometer used [Bley, 1988] ). The ''ambient'' mass spectrum shown in Figure 2 is consistent with that of aerosol containing sulfate since no other major chemical species is likely to produce the same peaks in similar ratios. This conclusion is also corroborated with data from other instruments indicating that Atlanta aerosols were rich in sulfate during this sampling period [Baumann et al., 2003; Lee et al., 2002; Weber et al., 2003] . The broader groups of peaks in the ambient mass spectrum of Figure 2 (not fully resolved owing to a lower-than-optimal resolution setting on the quadrupole) probably originate from the fragmentation of organic compounds. Again this observation is consistent with other samplers that reported large fractions of organic compounds in the aerosols at this site [Baumann et al., 2003] .
[16] The second technique for identifying chemical species is the comparison of size distributions of the signals at different m/z. In the TOF mode, particle size is measured for the selected m/z settings. This provides a second test for chemical species identification in the form of size distributions at different m/z settings of the quadrupole: fragments originating from the same species must have the same size distribution. Figure 4 shows such mass size distributions for ambient sampling in Billerica, Massachusetts, on 14 September 1999. The area between zero signal and a given size distribution for a given size range is proportional to the mass of that chemical component for particles of that size range. The distributions of Figure 4 have been scaled to the peak of the largest signal (m/z = 64). The scaling illustrates that the size distributions of m/z 48 and 64 are very similar. This, together with the fragmentation pattern described above, indicates a high likelihood that those signals originate from the SO + and SO 2 + fragments of aerosol sulfate. The particle size distribution for m/z 46 (likely NO + from nitrate) is also very close to those of the main sulfate fragments. The amount of nitrate is much smaller than that of sulfate, also consistent with previous studies. The fact that nitrate and sulfate have very similar size distributions indicates that this test is necessary but not sufficient for detection of interferences in AMS data. In contrast, the size distribution for the organic signal (m/z = 55) shows the presence of significant mass for smaller particles. The signal at m/z 80 is also very similar to those of m/z 48 and 64, indicating that this signal is likely due to SO 3 + from sulfate. For small particle sizes, the results for m/ z 80 exhibit a slightly elevated shoulder with respect to results for m/z 48 and 64, which could be indicative of a small (possibly organic) interference for this fragment. The large particle edge of the size distributions is very similar for all components, which could be indicative of an internally mixed aerosol mode. Another indication of possible internal mixing is the presence of small amounts of nitrate in relatively large particles.
[17] A third technique for assessing interferences in AMS data is the examination of the correlation in time of signals from mass peaks of the same species. For example if an interfering species produces a significant signal at one of the m/z characteristic of sulfate, this m/z may show lack of correlation in time with the other m/z of sulfate since both species may originate from different primary emission sources or gas-phase precursors. For the Atlanta Supersite data the signals at m/z 48, 64, 80, and 81 show good correlation in time, but with higher relative noise for the fragments present in lower amounts (80 and 81). A segment of these data is shown in Figure 5 . This indicates that no major interferences affected the AMS sulfate measurement in Atlanta during this period. Minor interferences for m/z 80 and 81 cannot be conclusively ruled out with this method owing to the relatively low signal levels (and thus low signal-to-noise ratios) for these peaks.
Theoretical Basis for the Quantification of Species Mass Concentrations
[18] The signals measured with the AMS can be converted into mass concentrations of aerosol chemical species (C s , in mg/m 3 ) in the following way (adapted from Bley [1988] ). The molecular flux M s (molecules/s) of species s entering the AMS detection region per unit time is calculated from the signal at a single m/z as:
where I sf is the number of ions detected per unit time at the f th fragment (m/z) of species s; X sf is the fraction of the ions from species s that are detected at its fth fragment; IE s is the ionization and detection efficiency (total ions detected/ molecules vaporized) for species s. IE s is calculated by sampling a known mass flux of monodisperse particles (generated with a Collison atomizer, diffusion dryer, and electrostatic classifier, TSI, St. Paul, Minnesota) and counting them with the AMS and/or with a Condensation Particle Counter (CPC, TSI 3010, St. Paul, Minnesota). If the gain or detection efficiency of the detector (electron multiplier) and/or the transmission efficiency of the quadrupole are a function of the m/z in the range of interest, these dependences need to be accounted for before using equation (1) by:
where T m/z and G m/z are the relative quadrupole transmission and the relative response (gain and detection efficiency) of the electron multiplier detector.
[19] The mass concentration of species s in the aerosol can then be calculated as:
where MW s is the molecular weight of species s, N A is Avogadro's number, and Q is the air volume sampling rate into the AMS. This procedure assumes that only one species contributes to the signal at that particular m/z, an assumption that can be tested with the procedures described above. For laboratory experiments with known species, MW s is known, while IE s , and X sf can be measured with the calibration procedure described above. For unknown species the values for IE s , MW s , and X sf need to be estimated from the available data. X sf can be estimated from all the detected fragments that have the same time and size evolution and are thus likely to originate from the same species (or group of species 
And the final expression used to calculate the mass concentration is:
[20] Equation (5) is used when the mass concentration of a species is calculated from the signal at a single m/z. If interferences from other species are not important or have been accounted for separately, the signals at all m/z were a given species produces a signal can be combined in the following alternative expression:
[21] If R t is omitted in equations (5) or (6), the resulting mass concentration is known as the ''nitrate-equivalent mass'' of the species. Care must be taken when using equation (6) so as to not degrade the signal-to-noise for the species mass concentration by including on the average an m/z with high background noise.
[22] To illustrate the appropriateness and limitations of the assumption regarding relative ionization efficiencies, the data for electron impact ionization cross sections (s) with 70 eV electrons is shown in Figure 6 versus the number of electrons in the molecule [Flaim and Ownby, 1971; NIST, 2000; Summers, 1969; K. Irikura, personal communication, 2000] . The ionization efficiency of a molecule is directly proportional to s since s merely captures the efficiency of ionization on a per-molecule basis. The number of electrons in a molecule, N e , is highly correlated with the molecular weight of the molecule, especially for the volatile and semivolatile molecules present in aerosols. This is owing to the fact that the ratio of atomic number to atomic weight is very similar for most of the atoms involved: 0.50 for C, N, O, S, and Ca; 0.49 for K and Mg; and 0.48 for Na and Cl. The exception is H, which has a ratio of 0.99. The larger value of the atomic ratio for H is neutralized in typical aerosol molecules by the larger contribution of other atoms to the number of electrons and the molecular mass. For example, saturated hydrocarbons have an electron to molecular weight ratio of $0.57, aromatic hydrocarbons $0.54, and ammonium nitrate and ammonium sulfate have ratios of 0.52 and 0.53 respectively. Thus, if nothing is known about the molecule present in the aerosol, it can be assumed that its electron-to-molecular weight ratio is about 0.52 with an uncertainty of about 8%. In summary, since IE s is directly proportional to s, and N e is approximately proportional to MW s , IE s /MW s will be proportional to s/N e .
[23] Figure 6 shows that s/N e is approximately constant for molecules of a given type. From regressions to the data in Figure 6 and approximate MW s /N e ratios for each group of species, R t is estimated at 0.51 for hydrocarbons, 0.78 for oxygenated hydrocarbons, and 1.12 for sulfuric acid. Experimental verification of this relative calibration procedure with individual aerosol molecules is undergoing in our laboratory and will be the subject of a future publication.
Application of the Quantification Procedure to the Massachusetts Data
[24] This procedure has been applied to the 4-hour averages of the size-resolved mass distributions measured for each m/z setting in Massachusetts (shown in Figures 3  and 4) ; and the results are shown in Figure 7 . The measured number distributions are displayed as well. The largest uncertainty in this case arises from the assumed ionization cross section and fragment fraction of the oxygenated organic component that results in the signal at m/z 55. R t is assumed to be equal to 0.78 (oxygenated hydrocarbon) while X s55 is estimated at $18% from fragmentation data for oxygenated organics that have been reported to comprise large mass fractions of the organic aerosol in previous measurements [NIST, 1999; Seinfeld and Pandis, 1998 ]. The broadening of the distribution produced by the finite opening time of the particle beam chopper and the finite width of the single particle signals can in principle be corrected by using a numerical deconvolution procedure, and also by the modeling approach described below.
[25] The AMS measurements are roughly consistent with prior measurements of PM 2.5 in this area. We estimate a mass loading of about 5 mg/m 3 for the sulfate, nitrate, and a portion of the organic component of the aerosol. This is less than the total aerosol mass since crustal constituents and elemental carbon are not included. This result is consistent with reported PM 2.5 annual averages of $7-10 mg/m 3 in rural New England sites and 16 mg/m 3 for an urban site in Boston [Eldred et al., 1997; EPA, 1998 ]. We estimate comparable amounts of sulfate and organics and a much smaller fraction of nitrate, in agreement with recent ambient measurements [Eldred et al., 1997; EPA, 1998 ].
Results From the Atlanta ''Supersite'' and Comparison to Other Instruments
[26] With the calibration and species identification procedures described above, the AMS can report mass concentrations (in mg/m 3 ) of volatile and semivolatile aerosol Figure 7 . Number and mass distributions obtained with the AMS for sulfate, nitrate, and organic aerosol components during ambient sampling in Billerica, MA on 14 September 1999. The mass distributions are stacked on top of each other, while the number distributions are not. The mass distribution accounts for all the particles transmitted into the AMS while the number distributions only account for the particles that produce a large enough signal pulse to be counted individually (<2% of the ambient particles in this experiment). Figures 8 and 9 . Unfortunately the size distribution data from this campaign were degraded owing to an irreversible deterioration of the AMS vaporizer that increased the vaporization time to $2 ms. Despite this issue, it was possible to calculate the total mass loadings for the species monitored. During the Atlanta experiment, two ion chromatography-based instruments developed by Weber and coworkers [Weber et al., 2001] and Slanina and coworkers [Khlystov et al., 1995] measured PM 2.5 sulfate and nitrate simultaneously with the AMS measurement. Figures 8 and  9 show the comparison of the measurements of sulfate (from the average of m/z 48 and 64 for the AMS) and nitrate (from m/z 30). After all the calibration factors had been applied, the AMS data for this campaign still needed to be scaled to fit the IC data (using an empirical calibration factor, R emp , of order 1):
[27] The need for this additional scaling is suspected to be due to frequent changes in instrument parameters (every few days) in an attempt to compensate for observed sensitivity decreases. Unfortunately the calibration procedures (to determine IE NO3 ) were not completely systematized at the time of this campaign and were not performed as often as the instrument tuning was modified. For the 4-day period shown in Figure 8 , R emp was constant at 1.0 (no scaling needed). The AMS results show good correlation with those of the other instruments most of the time, including during some short-lived spikes in the sulfate concentration such as on 8/ 23/99 around 4 PM and 8/25/99 around 2 PM. The agreement is also reasonable for nitrate as shown in Figure 9 , even though the nitrate levels were considerably lower than those of sulfate during this period. A clear diurnal cycle was observed for nitrate, with maximum levels in the early morning and minimum levels in the afternoon, suggesting that its partitioning into the aerosol phase is favored by lower temperatures and/or higher relative humidities under the conditions of this study. Sulfate lacks a clear diurnal cycle, which is expected since, unlike nitrate, sulfate does not partition into the gas phase.
[28] A direct comparison of the AMS and PILS sulfate measurements in Atlanta is shown in Figure 10 . Again this figure indicates the good correlation between both measure- 
Integration of AMS Data for Several Species and Other Concurrent Data
[29] Figure 7 shows a direct conversion of some of the AMS data into size-resolved mass and number distributions. By integrating the mass and number distributions at different m/z together with data from other available instruments we can develop a more comprehensive description of the ambient aerosol. For this purpose we model the ambient aerosol as a collection of several internally mixed modes, with constant chemical composition within each mode. We then determine the free parameters of the model by minimizing differences between the actual signals and the simulated signals based on the ambient aerosol and AMS models. The ambient number distributions are represented as three lognormal modes as suggested by Seinfeld and Pandis [1998] . Each mode is defined by specifying the number of particles per cm 3 , the median diameter and geometric standard deviation of the particle size, and the mass fraction of each chemical component in all particles of that mode. Non-volatile aerosol components, such as mineral dust or elemental carbon cannot be measured by the AMS and have not been included in the model. If the number distributions are lognormal, it can be shown that the mass distributions are lognormal as well. The AMS model accounts for the measured or calculated particle velocity and transmission/collection efficiency as a function of particle size, and also for the linear mass detection scheme demonstrated for this AMS [Jayne et al., 2000] . It also incorporates a statistical model to represent the probability of single particle detection.
[30] We have used this optimization procedure to integrate the AMS data for all the m/z measured for the ambient aerosol data taken in Billerica on the morning of 9/14/99. In parallel with the AMS data stream, we also measured total particle concentration using a condensation particle counter (CPC) that read an average of 8500 particles/cm 3 during this period. The total particle number concentration in the model has been constrained by this measurement. The mass and number distributions for the 5 m/z ratios which showed significant signals (48, 64, 80 for sulfate; 46 for nitrate; and 55 for ''organic'') have been simulated with this model. The parameters of the model have been adjusted to provide the best fit to the ambient data. The optimum parameters are shown in Table 1 . The size distributions that result from the fit for 3 m/z are shown in Figures 11 -13 . The mass distributions are reasonably well predicted for all m/z. Modeling of the number distributions of detected particles is inherently more complex than that of the mass distributions owing to the need to represent the statistical variability of single particle signals, and owing to reconciling variations in the actual chemical content of individual particles with the constant composition internal mixture assumed for each mode. The only significant discrepancy appears Figure 11 . Number and mass distributions measured by the AMS for m/z = 48 (SO + from sulfate) and fit to the data with a simple model of the ambient aerosol based on 3 lognormal modes.
between the modeled and measured number distributions for the organic signal ( Figure 13 ). This suggests that one the model assumptions (internal mixing of the organic component in the large mode) may be inadequate for particles with that chemical component. The aerosol representation could be refined to include an externally mixed organic aerosol mode. This and other refinements have not been pursued since the data set used here has significant uncertainty for the organic aerosol fraction. The goal of this presentation is rather to illustrate the type of information that the AMS can provide for ambient aerosols. The number, mass, and chemical composition distributions that provide the best fit to the data are shown in Figure 14 . The dashed lines in the figure account for the fraction of the particle number and mass that does not reach the AMS detector, owing to limitations of the particle focusing in the aerodynamic lens inlet at both ends of the size spectrum. According to our model more than 90% of the aerosol particles, but only $25% of the measured aerosol mass, was associated with a mostly organic mode centered below 100 nm. A larger ''accumulation'' mode composed mostly of sulfate, nitrate, and organics comprised a few percent of the particles and about 3/4 of the aerosol mass.
Conclusions
[31] The Aerodyne Aerosol Mass Spectrometer (AMS) has been used to obtain size and chemical composition information about volatile and semivolatile species in ambient aerosol particles. Sampling was performed at two locations: an urban site in Atlanta, Georgia, during August 1999 and a suburban/rural site in Billerica, Massachusetts, during September 1999. Mass spectrum, mass concentration, and size and chemically resolved mass distribution data were obtained. The major observed components of the aerosol were sulfate and organics with a minor fraction of nitrate at both locations, consistent with prior studies and colocated instruments. No major interferences were present in the measurement of aerosol sulfate. The particle size distributions characterizing different chemical components can be significantly different. Trends in mass concentrations of sulfate and nitrate aerosols in Atlanta agree well with those determined with colocated ion-chromatography-based instruments. Aerosol nitrate showed a marked diurnal cycle in Atlanta, while sulfate did not. More than half of the sulfate mass was contained in 2% of the ambient particles on one of the experiments. A procedure for integrating the AMS number and mass distributions at all m/z (and data from other instruments) into a coherent description of the ambient aerosol distribution has been demonstrated. Figure 14 . Aerosol number, mass, and chemical composition distributions that result in the optimum agreement with a 4-hour average of ambient data (Billerica, MA, 9/14/99). Note that while only $2% of the ambient particle number concentration was counted as individual particles by the AMS (typically those >200 nm), the particle mass of the uncounted particles was still measured. The pie charts represent the composition of each of the estimated modes.
